University of Texas at El Paso

DigitalCommons@UTEP
Open Access Theses & Dissertations

2014-01-01

The Study Of The Dielectric Properties Of The
Endohedral Fullerenes
Shusil Bhusal
University of Texas at El Paso, sbhusal@utep.edu

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd
Part of the Nanoscience and Nanotechnology Commons, and the Physics Commons
Recommended Citation
Bhusal, Shusil, "The Study Of The Dielectric Properties Of The Endohedral Fullerenes" (2014). Open Access Theses & Dissertations.
1206.
https://digitalcommons.utep.edu/open_etd/1206

This is brought to you for free and open access by DigitalCommons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations
by an authorized administrator of DigitalCommons@UTEP. For more information, please contact lweber@utep.edu.

THE STUDY OF DIELECTRIC PROPERTIES OF THE
ENDOHEDRAL FULLERENES

SHUSIL BHUSAL

Department of Physics

APPROVED:

Rajendra Zope Ph.D., Chair

Tunna Baruah, Ph.D.

Mahesh Narayan, Ph.D.

Charles Ambler, Ph.D.
Dean of the Graduate School

Copyright ©

By
Shusil Bhusal
2014

DEDICATION

I dedicate my thesis work to my family. A special feeling of gratitude to my grandparents,
Beduram Bhusal and Shubhadra Bhusal and to my parents Dharma Bhusal and Ganga Bhusal
whose words of encouragement and push for tenacity ring in my ears.

THE STUDY OF DIELECTRIC PROPERTIES OF THE ENDOHEDRAL
FULLERENES

By

SHUSIL BHUSAL, Master’s degree

THESIS

Presented to the Faculty of the Graduate School of
The University of Texas at El Paso
in Partial Fulfillment
of the Requirements
for the Degree of

MASTER OF SCIENCE

Department of Physics
THE UNIVERSITY OF TEXAS AT EL PASO
August 2014

ACKNOWLEDGEMENTS
I would like to express my deepest appreciation to my committee chair, Dr. Rajendra
Zope and committee member Dr. Tunna Baruah, who provided valuable help through every step
of my study and research, making my scientific background stronger. Without their great support
and guidance this thesis would not have been possible.
I would also like to thank my committee member Dr. Mahesh Narayan for providing me
his valuable time and great help.
In addition, a sincere thank to Dr. Luis Basurto, who helped me a lot in this work.

v

ABSTRACT
Dielectric response of the metal nitride fullerenes is studied using the density functional
theory at the all-electron level using generalized gradient approximation. The dielectric response
is studied by computing the static dipole polarizabilities using the finite field method, i.e. by
numerically differentiating the dipole moments with respect to electric field. The endohedral
fullerenes studied in this work are Sc3N@C68(6140), Sc3N@C68(6146), Sc3N@C70(7854),
Sc3N@C70(7960),
Sc3N@C80(31924),

Sc3N@C76(17490),
Sc3N@C82(39663),

Sc3N@C78(22010),

Sc3N@C90(43),

Sc3N@C80(31923),

Sc3N@C90(44),

Sc3N@C92(85),

Sc3N@C94(121), Sc3N@C96(186), Sc3N@C98(166). Using the Voronoi and Hirschfield
approaches as implemented in our NRLMOL code, we determine the atomic contributions to the
total polarizability. The site-specific contributions to the polarizability of endohedral fullerenes
allowed us to determine the polarizability of two subsystems: the fullerene shell and the
encapsulated Sc3N unit. Our results showed that the contributions to the total polarizability from
the encapsulated Sc3N units are vanishingly small. Thus, the total polarizability of the endohedral
fullerene is almost entirely due to the outer fullerene shell. These fullerenes are excellent
molecular models of a Faraday cage.
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CHAPTER 1: INTRODUCTION
The word dielectric has its origin from the Greek ‘dia’ means “across” or “through”. The
ideal dielectric material cannot conduct electricity, but electric flux or electric field can pass
through it. In practice there is no ideal or perfect dielectric material. The imperfections of the
dielectric material can somehow conduct the charge carriers to some extent. Due to the higher
band gap between the valance band and conduction band in the dielectric material the dominant
charge carriers are not the thermal excited electrons as in semiconductor but the charge carriers
generated by the application of an external field. The dielectric phenomenon mainly includes
polarization, energy storage, energy dissipation, thermal effects, optical effect etc.
The abiding interest in the Nano-size materials is due to the fact that they show strikingly
different electronic and physical properties, which are far different from the bulk. We have
studied the polarizability of endohedral carbon fullerenes. The cages can be derived from planar
hexagonal sheet graphene by inserting pentagons to introduce curvature. Thus they form closed
structures. The endohedral fullerenes are also called endo-fullerenes that can be defined as the
carbon cages formed by the hexagonal and pentagonal rings encapsulating the endohedral unit.
The endohedral unit can be atoms, molecules or clusters. Euler’s formula shows that exactly
twelve pentagonal rings along with the hexagonal rings are required to form a closed shell. The
number of hexagons differs for cages with different number of carbon atoms. By varying the
positions of the pentagons and hexagons many different isomers can be generated. The
endohedral fullerenes offer the possibility of tuning properties through the choice of the
endohedral unit. The endohedral fullerenes are classified as metalo-fullerene and non-metal
doped fullerenes according to the endohedral unit. The bonding between the cages and the
endohedral unit also vary with the number of atoms in the cages and also vary with isomers. The
1

properties of the endohedral fullerenes are different from the fullerene itself. Also using different
endohedral units can vary the properties. So it can be said that endohedral fullerenes have
numerous applications that may be useful in various research fields.
One of the properties of our interest is the static dipole polarizability. Polarizability is an
important electronic property, which depicts the response of a dielectric system to an applied
electric field. It is related to the optical properties such as dielectric constant and refractive index.
Polarizability of the endohedral fullerenes has not been studied in detail. One of the properties of
interest is to study whether the carbon cages shield the endohedral unit from the external electric
field applied. Cages of conducting material tend to block the external electric field and shield the
interior part from the electric field. This is known as Faraday effect. Similar effect was also
reported for carbon onions. From our calculation we find that the carbon cages of the endohedral
fullerenes also behave as Faraday cages shielding the encapsulated unit from an external electric
field. The endohedral fullerenes that we have studied are of size from C68 to C98 all with the
endohedral unit Sc3N.
In addition the study of the density of states also has been done, which is the number of
energy level per unit of energy range that are available for electrons to occupy, higher the density
of states higher the number of energy levels that are available for electron to occupy and zero
density of states means no energy levels are available for electrons to occupy. There are three
plots of the density of states for each system. Among them one is for the while system and other
two are the contribution due to bare cage and endohedral unit. These plots are carried out for
Sc3NC68 to Sc3NC98. I also plotted the joint density of states which is the number of electronic
states in the valance band and conduction band separated by a given photon energy for all

2

systems from C68 to C98, where the interest of study is on the energy at which there is maximum
transition possible.
All the calculations reported here are carried out using the Density Functional Theory,
which is a quantum mechanical modeling method used in physics, chemistry and material
science to investigate the electronic structure of many body systems such as atoms, molecules
and the condensed phases. The DFT became greatly popular after refining to better models of the
exchange and correlation interactions and also has due to its low computational costs compared
to Hartree-Fock method and correlated methods. In many cases the results from the DFT
coincide with the result from the experimental calculations. In this theory the ground state
properties of a many electron system can be determined from the ground state electron density.
The ground state total energy is a functional of the ground state density and can be determined
variationally; hence name is given density functional theory. This method is the most popular
and widely used method available in condensed matter physics and in quantum chemistry.
In the next chapter, brief descriptions of the density functional theory and the calculation
of the polarizability are given. The results and discussion of our calculations are presented in the
following chapter.

3

CHAPTER 2: THEORY

2.1: DENSITY FUNCTIONAL THEORY
Density functional theory is the most widely used and popular electronic structure
method among researchers for studying the electronic properties of atoms, molecules, ions,
clusters and solids. This quantum mechanical method is widely used to determine many different
properties e.g. binding energy of molecules in chemistry, band structure of solids,
superconductivity, relativistic effects in heavy elements, polarizability of dielectric materials,
magnetic properties of alloys etc.
DFT is based on a fundamental conceptual framework. The Hohenberg-Kohn theorem
and Kohn-Sham equations are the two core elements of DFT. In quantum mechanics all the
information is contained by the system’s wave function. By knowing it one can calculate the
expectation values of operator and thereby can get the average values of observables. In atoms,
molecules, clusters and solids, the binding of the electrons occurs due to the nuclear-electron
interaction. The effect of nucleus or nuclei on the system is given by the potential 𝑣(𝒓)  acting on
the electrons. For a single electron moving in potential 𝑣(𝒓) the Schrödinger equation can be
written as

−ℏ! !
∇ + 𝑣 𝒓 Ψ(𝒓) = 𝐸Ψ(𝒓)
2𝑚

where E is the energy eigenvalue and m is the mass of the electron. For a system of N
electrons Schrodinger equation becomes

4

!

−
!

ℏ! !
∇ + 𝑣 𝒓𝒊
2𝑚 !

+

𝑈 𝒓𝒊 , 𝒓𝒋

𝜓 𝒓𝟏 𝒓𝟐 … . . 𝒓𝑵 = 𝐸𝜓 𝒓𝟏 𝒓𝟐 … . . 𝒓𝑵

!!!

where 1st term denotes the kinetic energy, which is same for all non-relativistic system

− 2
∇i2 and other two terms are the potential energy terms. 𝑈(𝒓𝒊 𝒓𝒋 ) is the
and is given by T̂ =
∑
2m i
coulomb interaction energy due to electron-electron repulsion i.e.
𝑈=

𝑞!

𝑈(𝒓𝒊, , 𝒓𝒋 ) =
!!!

!!!

𝒓𝒊 − 𝒓𝒋

.

This operator is same for any system of particles interacting through coulomb interaction.
Thus for any N electron system the potential due to the nuclei, called external potential, is the
potential which distinguishes one system from another. The first Hohenberg–Kohn theorem says
that the ground state density of an interacting system is uniquely determined by the external
potential. Hence now we can say the system whether atom, cluster, ions, molecules depend only
on potential v(ri). For an atom the expression for the external potential becomes

  𝑉 =

! 𝑣(𝒓𝒊 )

=−

!"
! 𝒓 !𝑹
𝒊

  

where Q is nuclear charge, R the position of nucleus. For a molecule or cluster having a
number of atoms the expression becomes

𝑉=

! 𝑣(𝒓𝒊 )

=−

!! !
!" 𝒓 !𝑹
𝒊
𝒌

where the sum on k can be extended over all the nucleus and Qk = Z k e at position Rk .
The spatial arrangement of Rk along with the boundary condition are important to distinguish
fundamentally molecules from solids.
5

In wave function methods, in principle, one can plug in potential 𝑣(𝒓) in the Schrödinger
equation and vary the energy to obtain the ground state wave function of this system. Further, the
observables can be determined by taking expectation values of the corresponding operators with
this wave function. Among them we emphasize on the particle density for this time. The
expression for the particle density can be written as
𝑛 𝒓 = 𝑁 𝑑 ! 𝑟! … … 𝑑 ! 𝒓𝑵 𝜓 ∗ (𝒓𝟏 , 𝒓𝟐 … . . 𝑟! )𝜓(𝒓𝟏 , 𝒓𝟐 … . . 𝒓𝑵 )
In order to solve the Schrödinger equation for many body problems there are numerous
powerful methods are developed like diagrammatic perturbation theory, configuration interaction
(CI) method but they are not efficient for complex and large system. Although DFT is less
accurate it provides feasible alternatives for the case when we need to study the properties of a
complex system. DFT clearly tells us that all the non-relativistic coulomb systems differ only in
their external potential v(r) and provides the way to deal with the universal operators T̂ and Û ,
which are same for all. The particle density n(r) is taken as the basic variable and by minimizing
the total energy with respect to density; ground state density and energies are obtained. The
density can be used to calculate other observables if needed.
𝑛(𝒓) ⇒ 𝜓(𝒓𝟏 , 𝒓𝟐 … . . … . . 𝒓𝑵 ) ⇒ 𝑣(𝒓)
DFT is based on the Hohenberg-Kohn (HK) theoremsThe first Hohenberg-Kohn theorem states that the ground state density of an interacting
system is uniquely determined by the external potential. Thus there is a one-to-one mapping
between the ground state density and the external potential.
The 2nd H-K theorem states that the total ground state energy of an N-electron system is a
functional of ground state electron density. The electron density, which minimizes the total
ground state energy, is the true electron density corresponding to the full solution of the
6

Schrödinger equation. After knowing the true functional form of the total energy, it will be
possible to find the minimum energy by varying the electron density. From H-K theorem the
energy functional can be written as a function of single electron density and the expression for
the energy functional is given by
𝐸 𝑛 =𝑇 𝑛 +𝑉 𝑛 +𝑈 𝑛 .

In the above expression the first term is kinetic energy term, second term is the potential
energy due to coulomb interaction between electrons and nucleus, and third is the potential
energy due to electron-electron interaction. Hohenberg-Kohn theorem shows a way for solving
the many-body Hamiltonian, which is exact in principle but does not provide a practical way for
solving the many-body problems since the functional forms of all the terms are not known as
functionals of density.
Kohn and Sham provided a way, which could simplify the problem. In the Kohn-Sham
formulation, the system is modeled as a
N non-interacting electron system such that each particle experiences an average potential due to
all the other electrons. In this formulation the correlation between particles and quantum effects
such as exchange interaction are taken as a functional of density, which is called exchangecorrelation functional. They used orbitals known as Kohn-Sham orbitals to determine the kinetic
energy of the non-interacting electron gas. The KS orbitals are constrained to yield the density of
the N-electron system. In terms of the KS orbitals, the energy functional can be expressed as
𝐸 𝑛 =−

ℏ!
2𝑚

𝜓! ∗ ∇! 𝜓! 𝑑 ! 𝒓 +

𝑣 𝒓 𝑛 𝒓 𝑑! 𝒓 +

!

+ 𝐸!"#!!"#

7

𝑒!
2

𝑛 𝒓 𝑛 𝒓 ! ! !
𝑑 𝒓𝑑 𝒓 + 𝐸!" 𝑛
𝒓 − 𝒓!

In the above expression 1st term is kinetic energy term, 2nd is the potential due to coulomb
interaction between electrons and nucleus, 3rd is the potential due to coulomb interaction between
electrons, fourth is the exchange-correlation energy and the last term is due to coulomb
interaction between the nuclei. The term 𝐸!" [𝑛] covers all the effects that are not included in the
first three terms.
Minimization of the above expression of the total energy with the density leads to a set of
equations known as Kohn-Sham equations. The equations have the form
ℏ!

− !! ∇! + 𝑉 𝒓 + 𝑉! 𝒓 + 𝑉!" 𝒓 𝜓! 𝒓 = 𝜀! 𝜓! (𝒓),
where the potential term V(r) is due to the interaction between electron and nuclei. The
Hartee potential VH has the expression given by
𝑉! 𝒓 = 𝑒 !

!(𝒓! )
𝒓!𝒓!

𝑑 ! 𝒓!

which is due to the interaction of an electron under consideration with total electron
density. This term also includes the interaction of electron with itself, also called self energy
term, which don’t have any physical meaning hence we need some correction along with other
physical effects such as correlation between electrons. These are included in VXC which is
defined as 𝑉!" 𝒓 =

!!!" 𝒓 .
!"(𝒓)

.

8

The exact functional form of Exc [n] is not known and hence various approximations to
this

functional

exist.

To break this circular relation we need to define trial electron density n(r), which
integrates to the correct number of electrons, by using it on the Kohn-Sham equations gives the
single particle wave function. This wave function is used to calculate electron density.
𝜓!∗ 𝒓 𝜓! (𝒓)    

𝑛 𝒓 =2
!

Finally if they are same then this will be ground state electron density. Otherwise we
need to redefine the trial function and follow the same procedure.
From the discussion above we are stuck with a problem to define exchange correlation
function. In our DFT calculation Generalized Gradient Approximation is used, which contain the
information from both of the local electron density and local density gradient. There are many
GGA functions; among them we used Predew-Burke-Ernzerhof (PBE) functional and which are
implemented in the massively parallel NRLMOL code.

9

2.2: POLARIZABILITY AND SITE SPECIFIC PARTITIONING METHOD
Polarizability is the relative tendency to distort the electron cloud from its equilibrium
position by the application of an external electric field and is given by the relation
!!!

𝛼!" = − !" !"
!

!"

!

!!!

= !" !

!

  
!!!

where E is the total energy of the system, µ is the electric dipole and F is a static external
electric field. The indices i and j runs form x, y and z components of the field. The dipole can be
expressed as an integral over the cluster charge density. We have used the site-specific
partitioning method to calculate the dipole polarizabilities of the ground state structures. In this
scheme the total polarizability and dipole moment is exactly decomposed into non-overlapping
contributions from each constituent atoms. The details of the site-specific partitioning method
are described below.
The total volume is divided into a number of non-overlapping volumes containing the
nucleus of the each atom. This non-overlapping atomic volume is called the voronoi cell, which
is the volume closer to the nucleus of an atom compared to any other atom of the system and is
represented by Ω A . A dipole formed by two opposite charges with a finite separation between
them. The product of the charge by the distance of separation defines the dipole moment
𝝁 = 𝑞𝒅.
The atomic dipole moment is defined as the integral over the voronoi cell
𝜇!! = ∫!! 𝑟! 𝜌(𝒓)𝑑 ! 𝒓
where 𝜌 𝒓 gives the charge density, both positive nd negative, at the position r. The
subscript i denotes the Cartesian component.
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Now to get the total dipole moment of the system we need to sum over all the atoms that
are in the system, which can be expressed mathematically by the relation
𝜇! =

!
! 𝜇!

The dipole moment associated with an atom A can be further partitioned into two
components, local dipole 𝜇 !,! and charge transfer component 𝜇 !,!
i.e. 𝜇!! = 𝜇!!,! + 𝜇!!,!
where 𝜇!!,! = ∫!! (𝑟!! 𝑅!! )𝜌(𝒓)𝑑 ! 𝒓 and               𝜇!!,! = ∫!! 𝑅!! 𝜌 𝒓 𝑑 ! 𝒓 = 𝑞 ! 𝑅!! .
!,!  
RA represents the position of the nucleus of atom A with net charge qA. 𝝁

represents	
  the	
  dipole	
  moment	
  of	
  the	
  total	
  charge	
  distribution	
  in	
  the	
  non-‐overlapping	
  
volume,	
  which	
  is	
  considered	
  at	
  site	
  A	
  with	
  respect	
  to	
  RA.	
  This	
  value	
  does	
  not	
  depend	
  on	
  the	
  
origin	
  of	
  the	
  coordinate	
  system	
  that	
  we	
  choose.	
  The	
  dipole	
  corresponding	
  to	
  a	
  point	
  charge	
  
qA	
  at	
  position	
  RA	
  is	
  represented	
  by	
  the	
  term	
  𝜇 !,! 	
  that	
  depend	
  on	
  the	
  choice	
  of	
  the	
  origin	
  of	
  
the	
  coordinate	
  system.	
  The	
  value	
  of	
  𝜇 !,! 	
  is	
  independent	
  of	
  origin	
  for	
  the	
  situation	
  qA	
  =0	
  
The	
  similar	
  decomposition	
  of	
  the	
  atomic	
  polarizability	
  can	
  be	
  done	
  as	
  mentioned	
  
above	
  for	
  the	
  dipole	
  moment.	
  The	
  relation	
  for	
  the	
  atomic	
  polarizability	
  can	
  be	
  represented	
  
as
𝛼!"! = 𝛼!"!,! + 𝛼!"!,! ,	
  
where	
   1st	
   and	
   2nd	
   term	
   of	
   the	
   right	
   hand	
   side	
   in	
   this	
   expression	
   represents	
   the	
  
polarizability	
  due	
  to	
  the	
  local	
  dipole	
  and	
  charge	
  transfer	
  component	
  respectively.	
  
The	
  relations	
  for	
  these	
  components	
  are	
  given	
  by	
  
𝛼!"!,! =

!,!

!!!

!!!

which	
  is	
  the	
  polarizability	
  due	
  to	
  local	
  dipole,	
  
!!!
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𝛼!"!,! =

!,!

!! !

!!!

!!!

!!!

= 𝑅!! !!

!

	
   which	
   is	
   the	
   polarizability	
   due	
   to	
   charge	
   transfer	
  
!!!

component.	
  

αijA, p Reflects the change in the local dipole moment at site A when an external electric
field is imposed. It is therefore sensitive to transfers of charge between the non-overlapping
volume considered at atomic site A and the rest of the volume of the system under study. α ijA,q
Represents the change in the net site charge q A when external field is imposed. It is sensitive to
the transfer of charge between the non-overlapping volume under consideration at site A and
volume given by the rest of the atoms of the cluster. α ijA, p and α ijA,q Involve derivatives with
respect to the same external field, comparing these quantities for different atoms directly
indicates differences in how the charge density around those atom changes due to the application
of an external field. Now in order to get the total per atom local and charge transfer
polarizabilities, it is needed to sum over the entire respective site-specific local and charge
transfer polarizabilities over all the atoms and divide by total number of atom:

αijp 1
= ∑α ijA, p
N N A
and
αijq 1
= ∑α ijA,q
N N A
As in the case of the corresponding dipole moments, each of the αijA, p is independent
choice of the origin, but α ijA,q is not. However, in a neutral system, α ijq does not depend on the
location of the origin. All polarizability components are evaluated using a finite difference
method. This method is very useful if we need to approximate derivatives, which is done by

12

using nearby function values using a set of weights. The Taylor series for the dipole moment as a
function of field can be expanded as:
!!

𝜇! +𝐹! = 𝜇! 0 + 𝐹! !!!

!

+ ℎ𝑖𝑔ℎ𝑒𝑟  𝑜𝑟𝑑𝑒𝑟  𝑡𝑒𝑟𝑚 1st
!!!

!!

𝜇! −𝐹! = 𝜇! 0 − 𝐹! !!!
!

+ ℎ𝑖𝑔ℎ𝑒𝑟  𝑜𝑟𝑑𝑒𝑟  𝑡𝑒𝑟𝑚

2nd

!!!

where 𝜇! 𝐹! , 𝜇! −𝐹! , 𝜇! (0) are the dipole moments computed at the field values Fj, -Fj
and zero respectively. Fj is the magnitude of the applied external field to the system under
consideration in the jth direction. If we need the higher derivatives then we need to keep the
higher order terms. The series can be truncated only if the provided field values are small enough
to ignore. Now subtracting the 2nd term from 1st it will be left with
𝛼!" =

dµμ!
𝑑𝐹!

=
!!!

𝜇! 𝐹! − 𝜇! −𝐹!
2𝐹!

For dipole and charge transfer component of the polarizability, above expression can also
be written in the form
!,!(!)

𝛼!"

=

!,!(!)

!!!

!!!

=
!!!

!,!(!)

!!

!,!(!)

!! !!!
!!!

!!!

  .

Here in our study, we mainly focus on isotropically averaged polarizabilities. For the sake of
clarity, we use brackets to indicate the averaged values. For example,

α =

1
∑αii
3 i
where, i and j run for x, y and z components.

Along with the isotropically averaged polarizabilities it is convenient to introduce the
following averaged quantity, which indicates the net charge associated with atom A changes.
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2

2
2
! dq A $ ! dq A $ ! dq A $
dq A
&& + #
= #
& .
& + ##
dF
" dFx % " dFy % " dFz %

14

CHAPTER 3: RESULTS AND DISCUSSION

Fullerenes are the carbon cages formed by mixing exactly twelve pentagons with
different number of hexagons as given by the Euler’s Theorem. It can be shown using Euler
theorem that exactly 12 pentagons are required to form a closed carbon cage containing
hexagonal rings. The introduction of pentagon in a planar hexagonal graphene introduces
curvature and using exactly 12 pentagons a closed carbon cage is obtained. These closed carbon
cages are called fullerenes. In the planar sheet, the carbon atoms are in a perfect sp2 bonding. The
introduction of the pentagons perturbs this. Typically in fullerenes the planner structure is
deviated by the re hybridization of the sp2 and one pi orbital resulting sp2+delta, where delta can
deviate from atom to atom (depending on the strain at each carbon atom).
Using the methodology outlined in the previous chapter, we calculated the polarizability
of endohedral fullerenes and determined its site-specific contributions. These results are
presented in table 3.1. And 3.2 The total polarizability of the total complex and the bare cage is
obtained by summing all the αA,p and αA,q from the constituent atomic site that are in the system.
Also the sum of total change in charge at each site dq/dF included which is obtained by summing
the dqA/dF from all constituent atomic sites.
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Table 3.1: The polarizability, α of the scandium nitride endohedral fullerene, αE
polarizabililty of the endoherdral unit, αp total contribution of the dipole component to the total
polarizability, αq total contribution of the charge transfer component to the total polarizability
!"

!"

and total sum of change in net charge on each site!" (units for α is bohr3 and that for the !" is
bohr2)
System Name

α

αE

αp

αq

dq/dF

Sc3NC68(6140)

682.61

-1.64

172.45

510.16

216.02

Sc3NC68(6146)

691.63

-0.87

172.89

518.74

218.84

Sc3NC70(7854)

704.61

-1.87

176.36

528.25

220.74

Sc3NC70(7960)

714.86

-1.27

176.86

538

223.9

Sc3NC76(17490)

768.75

-0.75

188.58

580.18

231.93

Sc3NC78(22010)

789.84

-1.12

192.2

597.64

236.26

Sc3NC80(31923)

810.28

-0.33

196.55

613.72

239.63

Sc3NC80(31924)

806.18

-0.24

196.76

609.42

237.87

Sc3NC82(39663)

843.09

-0.43

200.41

642.68

247.64

Sc3NC90(43)

947.51

-0.2

216.05

731.46

269.28

Sc3NC90(44)

949.12

0.51

216.08

733.05

268.32

Sc3NC92(85)

967.97

-0.58

219.6

748.37

272.36

Sc3NC94(121)

1008.09

1.28

223.74

784.35

279.77

Sc3NC96(186)

1028.46

-0.13

227.39

801.06

283.86

Sc3NC98(166)

1058

-0.21

231.23

826.77

290.73
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Table 3.2 Total polarizability, α of the bare cages carbon without endohedral unit,
its αp total contribution of the dipole component to the total polarizability, αq total contribution
of the charge transfer component to the total polarizability and total sum of change in net charge
!"

!"

on each site,!" (units for α is bohr3 and that for !" is bohr2)
System Name

α

αp

αq

dq/dF

C68(6140)

737.55

173.98

563.57

234.11

C68(6146)

730.51

173.96

556.55

232.82

C70(7854)

775.39

178.21

597.18

245.44

C70(7960)

738.17

177.28

560.89

230.29

C76(17490)

824.36

189

635.36

251.76

C78(22010)

853.22

192.78

660.44

258.13

C80(31923)

879.61

196.52

683.09

263.95

C80(31924)

879.33

196.57

682.76

263.79

C82(39663)

888.01

199.91

688.1

263.6

C90(43)

1010.47

215.5

794.96

289.84

C90(44)

990.66

214.79

775.87

282.67

C92(85)

1043.25

219.07

824.17

298.48

C94(121)

1046.26

222.71

823.55

293.35

C96(186)

1105.57

226.87

878.7

309.53

C98(166)

1078.56

229.82

848.74

298.7

17

Table 3.3: Energy at maximum transition from joint density of states plot for
endohedral fullerenes.
System Name

Peak energy (eV)

Sc3NC68 (6140)

3.000778

Sc3NC68 (6146)

3.137177

Sc3NC70 (7854)

3.137177

Sc3NC70 (7960)

3.000778

Sc3NC76 (17490)

3.546374

Sc3NC78 (22010)

2.796179

Sc3NC80 (31923)

3.478174

Sc3NC80 (31924)

2.386982

Sc3NC82 (39663)

3.546374

Sc3NC90 (43)

2.114184

Sc3NC90 (44)

3.205376

Sc3NC92 (85)

2.250558

Sc3NC94 (121)

2.523381

Sc3NC96 (186)

2.932578

Sc3NC98 (166)

2.864379
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Site-specific partitioning method is employed to find the polarizabilities of the specific
site corresponding to each atom for all system shown in the figure 1.1 ranging from C68 to C98.
The required theory is explained in the section two of chapter 2. The total sum of the site-specific
polarizabilities for the systems with endohedral unit, bare cage and just for endohedral unit are
presented in the table 3.1. In this table the total polarizabilities are obtained by adding αA,p and
αA,q from constituent atoms. Those values of αA,p are smaller than the values of αA,q . Also the
variation in values of αA,p are very small in comparison with the αA,q values i.e. αA,q/N is 2.4
Bohr3/atom and αA,q/N is 7.09 Bohr3/atom for the system Sc3N@C68(6140) with endohedral
complex. From this table it has been observed that the polarizability of the system would drop
significantly if we inserted the Sc3N unit inside the cage. This drop in the total polarizabilities is
different for different system. Also the total polarizabilities of the system are different for
isomers. The percentage drop in the polarizabilities varies from 1.9 percent for the system
Sc3N@C98(166) to the 9.12 percent for the system Sc3N@C70(7854). This drop in the
polarizability is primarily due to the changes in the charge transfer component to the total
polarizability. The higher polarizability of the bare cages may be due to the open shell nature of
the cages, which is 6 electrons less to form a complete shell structure. The percentage decrease
of the polarizabilities does not follow the size of the cage. Some of the values of the site-specific
polarizability are negative for the atoms in the endohedral unit. It is due to the fact that the
induced dipole moment in the atomic volume is in the opposite direction to the applied field. The
values of the total polarizabilities of the endohedral unit is very small ranging from negative 1.87
Bohr3 for the system Sc3N@C70(7854) to positive 1.28 Bohr3 for the system Sc3N@C94(121). It
has almost zero contribution to the total polarizability of the whole system which means that
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applied electric field cannot penetrate well inside the cage and the volume inside the cage is free
from applied field. These findings suggest that these fullerene cages act as Faraday cages.
I also calculated the contribution of the dipole and charge transfer components on the
total polarizabilities. The theoretical base that is needed for it was already explained in the sec 2
of the chapter two. From the table 3.1 and 3.2 it can be noted that the contribution in the total
polarizability of the system due to the dipole is less compared to the charge transfer component.
The total contribution of the dipole component for the system with endohedral unit varies from
172.45 Bohr3 for the system Sc3N@C68(6140) to the 231.23 Bohr3 for the system
Sc3N@C98(166) and that for the systems without endohedral unit ranges from 173.96 Bohr3 for
the system Sc3N@C68(6146) to the 229.82 Bohr3 for the system Sc3N@C98(166) where the
values are size dependent. These values increase with the increase in number of atoms in the
cages, which is true for total complex and bare cage also. These values almost coincide to each
other for the isomers which is reported for systems Sc3N@C68(6140) and Sc3N@C68(6146) is
175.45, 175.86 Bohr3 for total complex and 173.98, 173.96 Bohr3 for bare cage respectively.
Along with dipole contribution, the main contribution on the total polarizability is due the
charge transfer component ranging the values form 510.16 Bohr3 for the system
Sc3N@C68(6140) to 826.77 Bohr3 for the system Sc3N@C98(166) with endohedral unit and
556.55 Bohr3 for system Sc3N@C68(6146) to 878.7 Bohr3 for system Sc3N@C96(186) without
endohedral unit. Here those values increases with increase in number of carbon atoms in the cage
for total complex but not for bare cages. Here these values for isomers are significantly different.
The values for whole complex for systems Sc3N@C68(6140) and Sc3N@C68(6146) are 510.16
bohr3, 518.74 bohr3 and that with bare cages are 563.57 bohr3, 556.55 bohr3 respectively.
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After the study of charge transfer component, I also interested on the study of the net
change in the charge associated with the each atomic site by the application of external field.
The sum of this change in charge ranges from 216.02 Bohr2 for the system Sc3N@C68(6140) to
290.73 Bohr2 for the system Sc3N@C98(166) with endohedral unit and 230.29 Bohr2 for the
system Sc3N@C70(7960) to 309.53 Bohr2 for the system Sc3N@C96(186) without endohedral
unit. These values are obtained by adding all the contribution dqA/dF from all the constituent
atoms that are in the system under study. These dqA/dF values ranges from 0 to 4.30 Bohr2 for
the system Sc3N@C68(6140) with endohedral unit. Among those values, values for atoms of the
endohedral unit are smallest one. From the table it can be noted that the total sum of these values
for the systems with endohedral unit is size dependent, which increases with the increase in
number of atoms in the cages, while this trend of increasing values do not follow by the systems
without endohedral unit.
Also from the analysis of the site-specific polarizabilities of the atoms for all the systems
it has been found that the lowest value of the local polarizabilities are corresponds to the sites
which are only part of hexagonal rings, which is totally true for the systems Sc3N@C68(6140)
and Sc3N@C80(31924). For other systems it is partially true.
As endohedral fullerenes studied in this work are shown in the figure 3.1. The fullerenes
can have a large numbers of isomers, as the configuration space of placing the hexagonal and
pentagonal rings for fullerene of a give size is large. Moreover, the encapsulation of endohedral
unit further increases the size of configuration space as the unit can rotate inside. We have only
chosen the most stable isomers for fullerenes of each size. For certain sizes, the fullerene isomers
that are very close in energy are also considered. In Fig. 3.1 I have plotted fifteen different
systems starting from C68 to C98 with the Sc3N endohedral unit and bare cages. These structures
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of the endohedral fullerenes are the structure. The bare cages shown in figure are unrelaxed
geometries and are obtained by removing the endohedral unit from the whole complex. The bare
cages were not optimized to facilitate the comparison of bare cage and the endohedral cage (that
is, to avoid contribution to the polarizability due to structural changes). Among fifteen systems
eight of them are the isomers in C68, C70, C80, C90.
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Figure 3.1: The optimized structure of the endohedral fullerenes.
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Also the plots of the joint density of states and density of states are presented in the figure
from 3.2 to 3.31. Here expression for the joint density of states is given by the absorption spectra
calculated from the dipole transition between one-electron states as
𝜎 𝐸 =

!

< 𝜓! 𝒑 ψ! > 𝑓! 1 − 𝑓! 𝛿 𝜖!! 𝜖! − 𝐸 𝑑𝜏 ,

where p is the dipole operator, 𝜖 is the single particle energy, f is the occupancy, and E is
the photon energy. This expression gives the probability of transition from ith to the jth Kohn
Sham orbital.
In those plots of joint density of states, we are trying to find the energy value for which
maximum transition is possible. For the plots of density of states the Fermi level for each system
has been noted. In those stack plots three different plots for whole complex, bare cage and
endohedral unit are put together. Where top most plots are for endohedral unit and bottom one is
for whole complex and the plot that in between of these two is for the bare cage. In those plots
we have divided the plot for whole complex into the contribution due to the bare cage and
endohedral unit. Those noted Fermi energy is of the whole complex. We are more interested in
the regions above and below the Fermi energy level, where the LUMO and HOMO are residing
in which HOMO means the highest occupied molecular orbital and LUMO lowest unoccupied
molecular orbital.
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Figure 3.2: Joint density state plots of the endohedral fullerenes
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Figure 3.3: The Fermi energy for system Sc3N@C68(6140) is -3.790740740(eV)

Figure 3.4: The Fermi energy for system Sc3N@C68(6146)is -4.596321210(eV)
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Figure 3.5: The Fermi energy for system Sc3N@C70(7854) is -3.719997586(eV)

Figure 3.6: The Fermi energy for system Sc3N@C70(7960) is -3.900110169(eV)
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Figure 3.7: Fermi energy for system Sc3N@C76(17490) is -4.811390086 (eV)

Figure 3.8: Fermi energy for system Sc3N@C78(22010) is -5.075710713(eV)
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Figure 3.9: Fermi energy for system Sc3N@C80(31923) is -4.973130624 (eV)

Figure 3.10: Fermi energy for system Sc3N@C80(31924) is -3.946555623(eV)
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Figure 3.11: Fermi energy for system Sc3N@C82(39663) is -3.944842991 (eV)

Figure 3.12: Fermi energy for system Sc3N@C90(43) is -4.067916147 (eV)
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Figure 3.13: Fermi energy for system Sc3N@C90(44) is -4.652933945 (eV)

Figure 3.14: Fermi energy for system Sc3N@C92(85) is -4.835471631 (eV)
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Figure 3.15: Fermi energy for system Sc3N@C94(121) is -4.720805514 (eV)

Figure 3.16: Fermi energy for system Sc3N@C96(186) is -4.686189213 (eV)
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Figure 3.17: Fermi energy for system Sc3N@C98(166) is -4.765421107 (eV)
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The study has also been done for the angle and bond length in the endohedral unit
between Scandium atoms and Nitrogen for the different system ranging from C68 to C98. From
the table 1.1 it was found that the bond length and angle between Scandium and Nitrogen varies
in the different systems. Among them for the system Sc3N@C92(85), the endohedral unit is
planner-having angle of 120 degree between Sc-N-Sc and bond length 2.17 Angstroms for all
Sc-N bond. The endohedral unit of the system Sc3N@C68(6140) have angles 119.9, 119.9, 120.1
degrees, bond lengths 1.97, 1.97, 1.98 Angstroms and Sc3N@C80 (31924) having angles 119.9,
120, 120.1 degrees, bond lengths 2.04, 2.04, 2.04 Angstroms. The endohedral unit in these two
systems is nearly planner structure. For other systems, the bond length and angle are more
deviated from the planner structure. Also it has been noted that the structure of the endohedral
unit is different for isomers.
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Table 3.4: List of angles and the bond lengths in the endohedral unit of fullerenes Sc3N
System name

Angle Sc-N-Sc (degree)

Bond length Sc-N

Sc3N@C68 (6140)

119.9, 119,9, 120.1

1.97, 1.97, 1.98

Sc3N@C68 (6146)

105.9, 112.5, 135.7

1.93, 1.95, 1.96

Sc3N@C70 (7854)

104.7, 105, 150.3

1.99, 2.04, 2.04

Sc3N@C70 (7960)

101.4, 101.5, 157

1.93, 2.07, 2.07

Sc3N@C76 (17490)

112.6, 112.7, 134.3

1.99, 2.1, 2.1

Sc3N@C78 (22010)

116.2, 120.2, 123.5

2.03, 2.09, 2.1

Sc3N@C80 (31923)

126.8, 114.2, 118.9

2.02, 2.04, 2.05

Sc3N@C80 (31924)

120.1, 120, 119.9

2.04, 2.04, 2.04

Sc3N@C82 (39663)

124.3, 119.8, 113.7

2.1, 2.03, 2.04

Sc3N@C90 (43)

117.7, 111.2, 123.6

2.01, 2.04, 2.08

Sc3N@C90 (44)

115.4, 121, 123.4

2.05, 2.08, 2.19

Sc3N@C92 (85)

120, 120, 120

2.17, 2.17, 2.17

Sc3N@C96 (186)

119.4, 108.5, 128.3

2.01, 2.07, 2.08

Sc3N@C98 (166)

108.3, 110.6, 132.4

1.99, 2.06, 2.11
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(A0)

In summary, dielectric response of the metal nitride fullerenes was studied using the
density functional theory at the all-electron level using generalized gradient approximation. The
dielectric response was studied by computing the static dipole polarizabilities using the finite
field method, i.e. by numerically differentiating the dipole moments with respect to electric field.
The endohedral fullerenes studied in this work are Sc3N@C68(6140), Sc3N@C68(6146),
Sc3N@C70(7854),

Sc3N@C70(7960),

Sc3N@C76(17490),

Sc3N@C78(22010),

Sc3N@C80(31923), Sc3N@C80(31924), Sc3N@C82(39663), Sc3N@C90(43), Sc3N@C90(44),
Sc3N@C92(85), Sc3N@C94(121), Sc3N@C96(186), Sc3N@C98(166)Using the Voronoi and
Hirschfield approaches as implemented in our NRLMOL code, we determine the atomic
contributions to the total polarizability. The site-specific contributions to the polarizability of
endohedral fullerenes allowed us to determine the polarizability of two subsystems: the fullerene
shell and the encapsulated Sc3N unit. Our results showed that the contributions to the total
polarizability from the encapsulated Sc3N units are vanishingly small. Thus, the total
polarizability of the endohedral fullerene is almost entirely due to the outer fullerene shell. These
fullerenes are excellent example of Faraday cages.
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